CNS myelination and the maturation of the myelinating cells of the CNS, namely oligodendrocytes, are thought to be regulated by molecular mechanisms controlling the actin cytoskeleton. However, the exact nature of these mechanisms is currently only poorly understood. Here we assessed the role of calcium/calmodulin-dependent kinase type II (CaMKII), in particular CaMKII␤, in oligodendrocyte maturation and CNS myelination. Using in vitro culture studies, our data demonstrate that CaMKII␤ is critical for the proper morphological maturation of differentiating oligodendrocytes, an aspect of oligodendrocyte maturation that is mediated to a large extent by changes in the cellular cytoskeleton. Furthermore, our data provide evidence for an actin-cytoskeleton-stabilizing role of CaMKII␤ in differentiating oligodendrocytes. Using Camk2b knock-out and Camk2b A303R mutant mice, our data revealed an in vivo functional role of CaMKII␤ in regulating myelin thickness that may be mediated by a non-kinase-catalytic activity. Our data point toward a critical role of CaMKII␤ in regulating oligodendrocyte maturation and CNS myelination via an actin-cytoskeleton-regulatory mechanism.
Introduction
During development, oligodendrocytes, the myelinating cells of the CNS, undergo a lineage progression during which bipolar progenitors give rise to cells with an extended process network that then transition into mature oligodendrocytes, generating the myelin sheath (Pfeiffer et al., 1993; Baumann and Pham-Dinh, 2001 ). The morphological aspects of this progression are to a large extent regulated by changes in the cellular cytoskeleton (Bauer et al., 2009 ). However, the exact mechanisms by which the cellular cytoskeleton regulates oligodendrocyte maturation and CNS myelination are currently only poorly understood.
One of the molecular players that emerges as an important regulator of the actin cytoskeleton is calcium/calmodulindependent kinase type II␤ (CaMKII␤). CaMKII␤ belongs to a family of highly conserved serine/threonine kinases, which in mammals is encoded by four different genes, Camk2a, Camk2b, Camk2g, and Camk2d, giving rise to four isozymes, CaMKII␣, CaMKII␤, CaMKII␥, and CaMKII␦ (Tombes et al., 2003) . Structure-functionally, CaMKII monomers are composed of four domains, a kinase catalytic, an autoinhibitory (regulatory), an association (oligomerization) domain, and a central variable domain that is subject to alternative splicing and located distal to the autoinhibitory domain (Hudmon and Schulman, 2002) . Interestingly, CaMKII␤ has been found to also possess a distinctive actin-binding domain (Okamoto et al., 2009 ) that has been implicated in mediating actin filament stabilization/bundling (Shen et al., 1998; Fink et al., 2003; O'Leary et al., 2006; Okamoto et al., 2007; Lin and Redmond, 2008) . Although primarily characterized in neurons, CaMKII genes, including CaMKII␤, appear to also be expressed by cells of the oligodendrocyte lineage (Cahoy et al., 2008) . Therefore, we examined here the role of CaMKII and in particular CaMKII␤ in regulating oligodendrocyte maturation and myelination.
Materials and Methods
Animals. Sprague Dawley female rats with early postnatal litters were obtained from Harlan Laboratories. Camk2b knock-out (Camk2b Ϫ/ Ϫ ) and Camk2b A303R mice, both in the F2 129P2-C57BL/6 background Borgesius et al., 2011) , were generated and bred at Erasmus University Medical Center. Animal studies were approved by the institutional animal care and use committee at Virginia Commonwealth University or a Dutch ethical committee for animal experiments.
Primary oligodendrocyte cultures. Primary oligodendrocytes were isolated from postnatal day 3 (P3) rat brains by A2B5 immunopanning (Barres et al., 1992) and then cultured in differentiation medium for at least 48 h (Lafrenaye and Fuss, 2010) . Under these conditions, the majority of cells represented postmigratory, premyelinating oligodendrocytes because they expressed the O4 antigen (Sommer and Schachner, 1982; Warrington et al., 1993 ; data not shown).
For CaMKII inhibition experiments, cells were cultured for 44 -48 h, followed by incubation with: KN-93 or its inactive analog KN-92 (EMD; Millipore), myristoylated autocamtide-2 related inhibitory (Myr-AIP) or myristoylated control (scrambled AIP sequence) peptide (Enzo Life Sciences), or KN93 or KN92 in combination with jasplakinolide (Enzo Life Sciences).
For siRNA-mediated gene silencing, cells were cultured for 20 -24 h and then transfected with siGLO Green transfection indicator along with either an siRNA SMARTpool directed against rat Camk2a, Camk2b, Camk2g, or Camk2d or a control nontargeting siRNA SMARTpool (all from Thermo Fisher Scientific; Lafrenaye and Fuss, 2010) .
Oligodendrocyte morphology analysis. Oligodendrocyte morphology was assessed by determining the process index (total area found to be O4-positive minus the area occupied by the cell body) as described previously (Dennis et al., 2008) . For the generation of representative images, confocal laser scanning microscopy was used (LSM 510 META NLO; Carl Zeiss). Images represent 2D maximum projections of stacks of 0.4 m optical sections.
CaMKII␤-F-actin colocalization analysis. Cells of the oligodendroglia cell line CIMO (Bronstein et al., 1998) were nucelofected (Lonza) with a plasmid encoding GFP-CaMKII␤ (Okamoto et al., 2004 ) and F-actin was visualized using Acti-Stain 555 phalloidin (Cytoskeleton).
PCR and Western blot analysis. For the determination of alternative splicing profiles, end-point RT-PCR analysis was performed using the following gene-specific primer pairs: Camk2a: Forward: 5Ј-TGGCCACCAGGAACTTCTCCGGAGG-3Ј and Reverse: 5Ј-TGCGGCAGGACGACGGAGGGCGCCCCAGA-3Ј); Camk2b: Forward: 5Ј-CACGGAATTTCTCAGTGGGCAGACAG-3Ј and Reverse: 5Ј-CG CAGCTCTCACTGCAGCGGGGCCAC-3Ј; Camk2g: Forward: 5Ј-CGCTCCGGAAAGGGTGCCATCCTCACAACCATGC-3Ј and Reverse: 5Ј-TCCGGAGCGTCTCCTCTGACTGACTGGTGCGAGG-3Ј; and Camk2d: Forward: 5Ј-CGCTCCGGAACGAGAAATTTTTCAGCAGC-CAAGA-3Ј and Reverse: 5Ј-TCCGGATCCTGGCTTGATGGGGACTGTT GGGGAC-3Ј.
For the determination of relative mRNA expression levels, qRT-PCR was performed on a CFX96 Real-Time PCR Detection System (Bio-Rad) using the following gene-specific primer pairs: Camk2a: Forward: 5Ј-ACGGAAGAGTACCAGCTCTTCGAGG-3Ј and Reverse: 5Ј-CCTGGC-CAGCCAGCACCTTCAC-3Ј; Camk2b: Forward: 5Ј-GTCGTCCACAG AGACCTCAAG-3Ј and Reverse: 5Ј-CCAGATATCCACTGGTTTGC-3Ј; Camk2g: Forward: 5Ј-ACGCAAGTTCAACGCCCGGAGAA-3Ј and Reverse: 5Ј-AGGCTCTTGGCAGCTTGCCCG-3Ј; Camk2d: Forward: 5Ј-TGCCGTCTCTGAAGCACCCCA-3Ј and Reverse: 5Ј-ACCAAGTAA TGGAAGCCCTCTTCGG-3Ј; Mpb (exon 2 containing isoforms): Forward: 5Ј-ACTTGGCCACAGCAAGTACCATGGACC-3Ј and Reverse: 5Ј-TTGTACATGTGGCACAGCCCGGGAC-3Ј; Mpb (all isoforms): Forward: 5Ј-GTGACACCTCGTACACCCCCTCCAT-3Ј and Reverse: 5Ј-GCTAAATCTGCTGAGGGACAGGCCT-3Ј; Plp: Forward: 5Ј-CCACACTAGTTTCCCTGCTCACCT-3Ј and Reverse: 5Ј-GGTGC-CTCGGCCCATGAGTT-3Ј; Cyclophilin (as reference gene): Forward: 5Ј-GGAGACGAACCTGTAGGACG-3Ј and Reverse: 5Ј-GATGCTC TTTCCTCCTGTGC-3Ј.
For comparing the expression levels of the different Camk2 genes, R 0 values were determined as described by Peirson et al. (2003) . To determine relative expression levels, the ⌬⌬C T method was used (Livak and Schmittgen, 2001) .
For Western blot analysis, anti-CaMKII␤ (Life Technologies) and anti-GAPDH antibodies (Millipore) were used. Bound antibodies were detected using enhanced chemiluminescence in combination with VersaDoc imaging (Bio-Rad).
Electron microscopic analysis. Spinal cord tissue was prepared and analyzed by electron microscopy as described previously Marcus et al., 2006; Forrest et al., 2009 ). Numbers of axons were determined manually per field of view (14.6 m 2 ). G-ratios were determined as described previously (Dupree 
Results

Camk2b is the predominant Camk2 gene expressed by differentiating oligodendrocytes
To determine the extent and alternative splicing pattern of Camk2 gene expression in differentiating oligodendrocytes, endpoint RT-PCR analysis was performed using gene-specific primer pairs spanning the variable domain (Hudmon and Schulman, 2002; Tombes et al., 2003; Fig. 1A) . Sequence analysis of the resulting amplification products revealed the expression of Camk2a, Camk2b, and Camk2d, but not Camk2g. All of the three oligodendrocyte-derived genes were found to give rise to multiple alternatively spliced isoforms in a gene-specific fashion. Interestingly, the majority of Camk2b isoforms contained the alternatively spliced exon I of the variable domain, which has been implicated in conferring actin-binding/stabilizing properties to CaMKII␤ (O'Leary et al., 2006) .
To determine the quantitative contribution of each of the three oligodendrocyte-derived Camk2 genes to overall Camk2 expression, qRT-PCR was performed using primer pairs located outside of the variable region and not affected by alternative splicing. This analysis revealed a quantitative expression of Camk2b Ͼ Camk2d Ͼ Camk2a (Fig. 1B) .
Inhibition of CaMKII activity restrains the morphological maturation of differentiating oligodendrocytes
The above expression analysis suggested that CaMKII, and in particular CaMKII␤, may play an important functional role in differentiating oligodendrocytes. To assess such a potential role of CaMKII, differentiating oligodendrocytes were treated with KN-93, a membrane-permeable pharmacological inhibitor of CaMKII activity, or its inactive derivative KN-92, and process morphology as a measure for oligodendrocyte maturation was determined (Dennis et al., 2008) . Treatment with KN-93 caused a decreased process index (Fig. 2 A, B) at 10 M but not 1 M. Such concentration dependency is in agreement with a half-maximal inhibition of CaMKII at a KN-93 concentration of ϳ12 M (Tombes et al., 1995) . In addition, cells were treated with the membrane-permeable myristoylated-autocamtide-2-related inhibitory peptide, which mimics the CaMKII autoinhibitory domain (Ishida et al., 1995) and blocks activity at concentrations similar to KN-93 (Easley et al. Easley et al., 2008) . Such treatment resulted similar to the KN-93 treatment in a decreased process index (Fig. 2C) . CaMKII inhibition was not found to be associated with a change in cell viability (KN-92: 100 Ϯ 9%; KN-93: 96 Ϯ 12%).
Morphological maturation of oligodendrocytes occurs as a dynamic process that is characterized by process extension and retraction events (Kachar et al., 1986; Fox et al., 2006) . As shown in Figure 2D , process indices were found to be significantly decreased 2 h after initial KN-93 treatment compared with the process indices found at the beginning of the treatment. Therefore, the decreased morphological maturation seen in response to CaMKII inhibition is likely due to an increase in process retraction events rather than an inhibition of process outgrowth.
Retraction of cellular processes has been associated with destabilization of the actin cytoskeleton (Easley et al., 2006) . KN-93 has been well described to inhibit not only CaMKII's kinase catalytic activity, but also CaMKII␤'s actin-binding/ stabilizing activity (Sumi et al., 1991; Lin and Redmond, 2008) . Accordingly, a marked reduction in F-actin-CaMKII␤ co-localization was noted upon KN-93 treatment (Fig. 2G) . Furthermore, and in support of an actin-destabilizing effect of KN-93 treatment in differentiating oligodendrocytes, cotreatment with jasplakinolide, which specifically and rapidly blocks actin filament disassembly (Boggs and Wang, 2004) , abolished the effect of KN-93 on the oligodendrocyte's process network (Fig. 2 E, F ) . No evidence for a change in cellular viability was noted. 
Downregulation of Camk2b expression restrains the morphological maturation of differentiating oligodendrocytes
To determine the extent to which CaMKII␤ may be involved specifically in regulating the morphology of the oligodendrocyte's process network, an siRNA-mediated gene silencing approach was used. As shown in Figure 3A , B, treatment with an siRNA pool to Camk2b led to a significantly decreased process index. Under the conditions used, siRNA treatment resulted in significantly reduced mRNA levels for Camk2b (Fig. 3C) , Camk2a (60 Ϯ 4%), and Camk2d (74 Ϯ 9%). Use of an siRNA pool to Camk2g served as a control because expression of Camk2g was undetectable in our original analysis (Fig. 1A) . For cells Student's t test) . B, Representative images of differentiating oligodendrocytes immunostained with the O4 antibody and treated with a control (siControl)orCamk2b-specific (siCamk2b) siRNA pool. Scale bars, 20 m. C, Bar graph depicting the Camk2b mRNA level upon siRNA-mediated knock-down of Camk2b. The mean value for cells treated with the control siRNA pool was set to 100% (horizontal gray line) and the experimental value was calculated accordingly. The experimental mean Ϯ SEM (*p Ͻ 0.05, one sample t test) is shown. The inset depicts a representative Western blot. CaMKII␤ and GAPDH protein levels are shown for cells treated with a control (siControl) or Camk2b-specific (siCamk2b) siRNA pool. D, Bar graph depicting Mbp (total and exon 2 containing) and Plp mRNA levels upon siRNA-mediated knock-down of Camk2b. The mean value for cells treated with the control siRNA pool was set to 100% (horizontal gray line) and experimental values were calculated accordingly. Data represent experimental means Ϯ SEM (*p Ͻ 0.05, one sample t test). One hundred axons per animal were measured and three animals per genotype were analyzed. C, E, G, Bar graphs depicting average slopes (g-ratio versus axon diameter) and average g-ratios from individual animals (n ϭ 3). Asterisks indicate statistically significant differences between WT and knock-out/mutant mice (*p Ͻ 0.05, Student's t test).
treated with the siRNA pool to Camk2b, a reduction in CaMKII␤ protein levels could also be confirmed (Fig. 3C, inset) . In neither case was the gene-specific downregulation of Camk2 expression associated with an increase in mRNA levels for any of the other Camk2 genes (data not shown).
In vivo, morphological maturation of oligodendrocytes is associated with well described changes in gene expression (Pfeiffer et al., 1993; Baumann and Pham-Dinh, 2001; Emery, 2010) . Under experimental conditions, however, molecular mechanisms regulating cellular morphology may be uncoupled from those that regulate gene expression (Osterhout et al., 1999; Buttery and ffrench-Constant, 1999; Kim et al., 2006; Lafrenaye and Fuss, 2010) . To investigate a potential role of Camk2b in regulating gene expression in differentiating oligodendrocytes, expression levels for mRNAs encoding the major myelin genes myelin basic protein (Mbp) and proteolipid protein (Plp) (Fulton et al., 2010) were determined. No significant differences were noted (Fig. 3D) . In addition, no difference was noted in the percentage of O4-positive cells that were also immunopositive for MBP (siControl 52 Ϯ 4%, siCamk2b 49 Ϯ 2%). Figure 4A -C, the myelin sheath g-ratio (axon diameter divided by the diameter of the entire myelinated fiber) was significantly increased at P21 in Camk2b Ϫ/ Ϫ spinal cords. This effect on myelin thickness persisted up to at least 58 d of age (Fig. 4 D, E Ϫ / Ϫ 35 Ϯ 1/14.6 m 2 ) or apparent signs of axonal damage (Fig. 4A ). In addition, no significant changes in the number of oligodendrocytes were noted (P21: WT 100 Ϯ 6%, Camk2b
Systemic knock-out of
To assess whether the mechanism by which CaMKII␤ regulates oligodendrocyte maturation and CNS myelination may be mediated by a nonenzymatic activity, developmental myelination was assessed in Camk2b A303R mutant mice. In these mice, the WT Camk2b gene has been replaced by the mutated Camk2b A303R gene (Borgesius et al., 2011) . This mutation has been characterized to lead to a loss of calcium/calmodulin binding and kinase catalytic activation, but to preserve the ability of CaMKII␤ to bind to and bundle/stabilize actin filaments (Shen and Meyer, 1999; Fink et al., 2003; O'Leary et al., 2006; Lin and Redmond, 2008) . As shown in Figure 4 , F and G, Camk2b A303R mutant mice were devoid of the deficits in myelin thickness seen in Camk2b Ϫ/ Ϫ mice.
Discussion
Using in vitro tissue culture as well as in vivo knock-out and knock-in strategies, we identified CaMKII␤ as a critical component of the molecular mechanism regulating oligodendrocyte maturation and CNS myelination. More specifically, our data point toward a role of CaMKII␤ in regulating the oligodendrocyte's actin cytoskeleton via a mechanism that may not require its kinase catalytic activity, but may instead involve its actin-binding/stabilizing activity.
Our in vivo analysis of developmental myelination demonstrates that CaMKII␤ is involved in the regulation of myelin thickness. Together with our in vitro tissue culture studies, we propose that this regulatory role of CaMKII␤ is at least in part mediated by an oligodendrocyte-autonomous mechanism. In support of this idea, astrocytes are considered to not express considerable levels of Camk2b (Takeuchi et al., 2000; Vallano et al., 2000) . In addition, CaMKII␤ protein levels in axons located within the ventral spinal cord have been described to be undetectable or very low (Terashima et al., 1994) . Therefore, systemic Camk2b knock-out is unlikely to cause a predominantly axonmediated effect on myelination within the CNS region investigated here.
The lack of a myelination deficit in the spinal cord of Camk2b A303R mutant mice strengthens the idea of a functional role of CaMKII␤ as an actin regulatory protein via its actinbinding activity. In neuronal dendritic spines, CaMKII␤, via its actin-binding activity, is thought to stabilize the actin cytoskeleton and thus overall spine shape. At the same time, however, calcium signaling has been implicated in promoting the release of CaMKII␤ from the actin cytoskeleton, thereby opening a time window during which actin cytoskeleton remodeling events are favored (Okamoto et al., 2007; Okamoto et al., 2009 ). In analogy, oligodendrocyte maturation and CNS myelination may be regulated by CaMKII␤-mediated alternating cycles of actin cytoskeleton stabilization and destabilization/remodeling. Because CaMKII␤-mediated regulation is dependent on calciumsignaling events, it is worth mentioning that an increase in calcium signaling has been reported to stimulate oligodendrocyte process outgrowth and thus morphological maturation (Yoo et al., 1999) . Furthermore, it has been shown recently that balanced activation and deactivation of the actin filament severing and depolymerizing factor cofilin regulates Schwann cell function during peripheral nervous system myelination (Sparrow et al., 2012) . This finding supports the idea that efficient myelination may be critically dependent on a well balanced equilibrium between dynamic remodeling and kinetic stability of the actin cytoskeleton. Future studies will be necessary to better define the role of CaMKII␤ in regulating the actin cytoskeleton during oligodendrocyte maturation and CNS myelination.
